Critical state soil mechanics (CSSM) has long been regarded as the most suitable unified framework to develop predictive constitutive models for geotechnical problems. The framework, initially developed for reconstituted clay, has been widely used to explain many behavioural aspects of other different geo-materials, such as peat [13] , sands [2, 11, 22, 39] , weak rocks [7, 38] and hard rocks [15, 32] .
Introduction
to define a consistent NCL for sands within the context of CSSM; however, as will be detailed later, this issue has not been resolved satisfactorily.
In an attempt to consistently define the NCL for sands, this paper examines the compression behaviour of sands using experimental results obtained from the literature on different sands subjected to different loading conditions (e.g., isotropic and 1-D compression tests). Based on the experimental results, a new normalisation scheme is proposed to uniquely represent the multitude of compression curves for a sand prepared to different initial densities. Furthermore, the similarities between the isotropic and 1-D compression test results on the one hand and between the NCL and the critical state line (CSL) on the other hand are also examined. Applicability of the proposed normalisation scheme to clays is also verified, and an attempt is made to provide a unified framework to define the NCL for both clays and sands.
Before addressing these issues in detail, it is important to provide a brief background on the compression behaviour of different soils. This is presented in the next few sections.
Background on the compression behaviour of soils

Typical response
Figures 1 and 2 show the idealised compression behaviour of reconstituted clays and sands, respectively. These figures illustrate clearly the intrinsic differences in the compression response between the two soils. The virgin state of a clay always lies on a curve that can be uniquely idealised in terms of the slope λ* of the compression line, as shown in Fig. 1 . However, this simple idealisation cannot be applied to a sand, as it follows more than one compression curve depending on the initial formation density, as shown in Fig. 2 .
Definition of the normal compression line for sands
The difference in the compression response between sands and clays, as observed in Figs. 1 and 2, raises a question regarding what comprises the NCL for sands. Two different propositions for the NCL for sands are available in the literature [22] proposition suggests that, similar to that for clay, the NCL for a sand is unique and it starts only when grain crushing dominates the compression behaviour (e.g. [2, 35] ). This is usually referred to as the limiting compression line (LCL), as shown in Fig. 2 . On the other hand, following the geological idealisation that any soil experiencing the greatest stress in its history is normally consolidated, the second proposition suggests that the NCL also includes the initial portion of the compression curve before grain crushing becomes dominant. Obviously, this implies existence of an infinite number of normal compression lines for a sand [21, 22] .
The implications of both these propositions within the context of CSSM are discussed in Jefferies and Been [22] . They argued that, although the first proposition is consistent with the framework of CSSM, it implies that irrecoverable (plastic) strain occurs only from the evolution of the limiting compression curves (i.e. ignoring the plastic strains that occur during initial loading). On the other hand, the implication of the second proposition is that the infinity of the NCLs cannot be defined within the framework of the CSSM. Jefferies and Been [22] attempted to define the infinity of the NCLs for a sand by taking into consideration the volumetric difference between the current state and the CSL-i.e. the state parameter Ψ [4] . However, the general expressions proposed by Jefferies and Been [22] are rather complicated, limited to low stress levels before grain crushing dominates the compression behaviour, and require a large number of experimental results to validate them. Moreover, the general applicability of their framework to different sands needs to be confirmed through further investigations.
To this end, it is obvious that within the context of the CSSM, neither of the two propositions for the NCL discussed above satisfactorily describes the overall features of the compression behaviour of sand. In general, application of first proposition is limited to the high stress range, whereas the second proposition is limited to the low stress range. A satisfactory definition of the NCL should be able to capture the compression response in both the low and high stress ranges. In addition, it should be consistent for both clays and sands, so that the observed compression behaviour for different soils can be duly idealised. This paper proposes a new normalisation scheme so that compression behaviour of different soils can be consistently described. However, first, the overall 
Mathematical representation of the normal compression line (NCL)
Within the context of the CSSM, the NCL for a soil is often represented assuming a linear relationship between the void ratio e and logarithm of the effective stress σ′ as:
where e ref is the reference void ratio (often defined as the void ratio corresponding to an effective stress of unity), λ is the slope of the normal compression line in e-ℓnσ′ space (or λ* in ℓne − ℓnσ′ space), and σ′ is the effective stress (i.e. vertical effective stress σ ′ v for 1-D compression and mean effective stress p′ for isotropic compression). Although Eq. (1) has been extensively used (e.g. [2, 35] ), it is dimensionally inconsistent. Ironically, in their original paper, Roscoe et al. [43] presented the normal compression line in a dimensionless form as:
Roscoe et al. [43] define σ ′ o as the effective stress corresponding to e ref . It has been widely argued (e.g. [6, 40] ) that, although Eq. (2) provides a dimensionally consistent relationship, its use to represent the compression behaviour is still limited, mainly because: In an attempt to provide a more general and accurate representation of the normal consolidation line for a soil over a wide stress range, Pestana [40] proposed that the normal compression line NCL (or limiting compression line LCL for sand) can be better represented as:
where λ* is the slope of the normal compression line in ℓne − ℓnσ′ plot. It is to be noted that the suffix * is used here to differentiate it from λ obtained from an e-ℓnσ′ plot.
The above discussions clarify that, although it was realised in the early development of the CSSM [43] that the compression response should be presented in a normalised stress plot [as in Eqs. (2) or (3)], it is surprising to note that no attempt has been made to define a proper normalising parameter for the compression behaviour of soils. In fact it is evident from many later publications that even the importance of the stress normalisation is often ignored (e.g. [2, 35] ). This is mainly because most of the research on the CSSM was limited to clay, where the NCL is always assumed to be unique. In this case, the role of stress normalisation is merely to offset the NCL. However, in the case of sand, where a multitude of NCLs exist, proper normalisation is definitely be valuable.
Proposal for a new normalisation scheme
In an attempt to define a unique NCL for all soils, a new normalisation scheme is proposed in this paper. The proposed normalisation scheme consists of the following three elements:
1. Determination of the compression index (λ*) and normalising stress (σ ′ eo ), which is determined from mapping the initial void ratio (e o ) onto the LCL as shown in Fig. 2 . It should be noted that λ (or ¢-slope of the normal compression in ℓnv − ℓnp′ plot, [6] ) can be used instead of λ*, but steps 2 and 3 below should be modified accordingly. 2. Representation of the compression curves for sand (with different initial densities) in a normalised plot in e/e o versus σ ′ − σ ′ o /σ ′ eo space, where e and σ′ are the current void ratio and stress, respectively, and σ ′ o is the effective stress corresponding to e o as shown in Fig. 2 (in this paper σ ′ o is considered as unity). 3. Representation of the compression curves for different soils in a normalised plot by taking into consideration the differences in λ* between different soils-i.e. a plot of (1/λ*)ℓn(e/e o ) versus
This simple normalisation scheme will be examined against a large number of experimental results obtained from both sands and clays, but a brief background on the experimental database is presented first.
Details of the experimental database
Sand samples from different origins covering a wide range of initial void ratio (e o ) and compression parameters λ* and N* were examined as summarised in Tables 1, 2 and 3; where λ* and N* are the slope and intercept of the LCC in lne-lnp′ plot as shown in Fig. 2 . (It should be noted that the derivation of these parameters for sands requires tests to be performed to high stress). The maximum stress values σ ′ max : p ′ max for isotropic tests and σ ′ v max for 1-D tests) reached in each test are also reported in Tables 1, 2 and 3 . Results obtained from both isotropic and 1-D compression tests were used. The experimental database on the compression response of different clays and the CSL for different soils are presented in Tables 4 and 5 , respectively. (Note that most of the test results were collected from the published literature, and only a few tests were performed by the authors). Additional details on the soil properties can be found in the relevant references listed in Tables 1, 2 , 3, 4 and 5, and hence are not discussed here.
Experimental validation of the new normalisation scheme for different sands
Application of the new normalisation scheme to the experimental data presented above led to the results shown in Figs. 3, 4 and 5 in the normalised (1/λ*)ℓn (e/e o ) versus
It should be noted that the samples were tested at different initial void ratios as reported in Tables 3, 4 Fig. 6 in terms of (1/λ*)ℓn (e/e o ) ver-
where σ′ is the effective stress and is equal to σ ′ v for 1-D compression tests and p′ for isotropic compression tests. It can be concluded from Figs. 3, 4, 5 and 6 that a reasonably unique normalised NCL exists for all sands, irrespective of their initial void ratio, origin (mineralogy) and the type of test. In other words, the differences in the compression response between different sands tested under different loading conditions lie in the differences in the compression parameters λ* and N*. 
Compression response for clays
It is now interesting to examine the compression response of clays in a manner similar to that discussed above for sands; the aim is to investigate whether a unified trend will emerge for both sands and clays whose compression behaviour has always been treated separately in the literature. To this end, a large number of experimental results obtained from different clays were also examined, using the database listed in Table 4 for clays. Figure 7 shows the normalised compression lines for all the clays reported in Table 4 . Indeed, the new normalisation scheme reasonably unifies the normal compression lines for the wide range of clays examined.
Unified compression curves for sands and clays
It is shown in the previous sections that the compression behaviour of different sands and clays (separately) can be uniquely represented using the new normalisation scheme. An obvious step forward thus would be to directly compare the compression response of sands and clays so that a unified compression relationship could be developed for both soils.
The experimental results presented above for both sands and clays are replotted in Fig. 8 . Although there is some scatter in the results at low stress levels, the overall Results from 16 different sands (44 tests) Soil Id as reported in Table 2 Fig. 4 Normalised compression response for different sands (results from 1-D compression tests: Table 2) Soil Id as reported in Table 3 Fig. 5 Normalised compression response for different sands (results from 1-D compression tests: Table 3 ) compression behaviour of all tested sands and clays lie within a narrow range and can be represented uniquely with reasonable accuracy.
The compression line versus the critical state line
The similarity between the normal compression line (NCL) and critical state line (CSL) for any particular soil is widely reported in the literature. In particular for clay, it is well accepted that the CSL is parallel to the normal consolidation line in the ℓne − ℓnp′ space (e.g. [6, 40] ). However, it is difficult to obtain a similar simple relationship for different sands. This is mainly because, unlike for the clays, the CSL for sands is non-linear in the Table 4 Fig. 7 Normalised compression response for different clays (results from both isotropic and 1-D compression tests)
ℓne − ℓnp′ space ( [33, 40, 41] ) and can be represented by a schematic diagram as shown in Fig. 9 .
It is envisaged that applying the proposed normalisation scheme to the CSL would be valuable for modelling purposes. Normalising the CSL involves plotting (1/λ*)ℓn(e c /e oc ) versus p ′ c − p ′ oc /p ′ eoc , where the various parameters used are the same as for the NCL normalisation, except that they refer to the CSL instead of the NCL, as indicated by the 'c' subscript (see Fig. 9 ).
The normalisation is examined in Fig. 10 , which shows the CSL for different soils varying from clay to soft rocks (reported in Table 5 ) in a normalised plot. Again, the CSLs for the wide range of soils examined fall within a narrow range and can be represented with reasonable accuracy using an average line passing through the data points.
A direct comparison of the normalised CSL and NCL for the examined soils is presented in Fig. 11 using both the CSL and NCL normalising parameters. It can be clearly observed that all the results fall within a narrow range and can be represented uniquely with reasonable accuracy using the appropriate normalisation for the two lines. This finding is quite important, as it suggests that the general shape of the CSL and NCL is similar for all types of soils in this normalised space, and it can be represented using a similar mathematical form; the difference lies only in the value of the normalising parameters i.e. the initial void ratio e o for the normal compression line and e c for the critical state line.
Discussion and areas for further research
The new normalisation scheme presented above provides a unified framework to describe the compression behaviour of different soils and can be readily implemented for modelling purposes. The method takes into account the initial void ratio e o and the corresponding equivalent stress σ ′ eo (σ ′ eo corresponds to p ′ eo for isotropic tests and σ ′ veo for Soil Id as reported in Table 5 Fig. 10 Critical state line for different soils 1-D tests) as normalising parameters. In particular, the novelty of the proposed normalisation scheme lies in adopting σ ′ eo as a stress normalising parameter. This stress normalisation is not only consistent with the framework of CSSM, but also can be considered conceptually similar to some of the recent studies on crushability of soils (e.g. [30] ).
In addition, it should be noted that e/e o is a measure of the volumetric strain, which makes the new normalisation scheme more versatile for practical applications and also to develop thermodynamically consistent constitutive models (e.g. [9] ), where the volumetric strain (not the void ratio) can only be used as a state variable.
It is a well-known fact that the presence of "structure", either in the form of a fabric or bonding [5] , plays an important role in controlling the compression behaviour of natural soils. The results presented in this paper were obtained from reconstituted samples and the new normalisation scheme has been validated only against them. The applicability of the proposed method to structured soil (natural or artificially structured soils) needs further study. However, since the presence of a structure causes the compression curves to move towards the right in the ℓne − ℓnσ ′ space (e.g. [12] ), it can be imagined that the LCL of structured soil needs to be considered in defining the value of σ ′ eo . The proposal suggested by Cuccovillo and Coop [12] in defining the compression boundary for structured material could be valuable in this regard.
A unique representation of the NCL and CSL discussed above for different soils is believed to be valuable for developing unified constitutive models within the framework of CSSM and also for proposing unified empirical relationships for different soils. In the case of constitutive modelling, the results presented above can be used to define the yield surface and the hardening rule for different soils. It is also believed to be worth examining the applicability of the new normalisation scheme to develop a unified state boundary surface for different soils.
The proposed normalisation scheme could be used to develop a unified empirical relationship for the qualities that depends on the sand state. For example, since the new normalisation scheme uniquely correlates the void ratio and effective stress for different soils, it may be used to unify the expression used for the small-strain shear modulus of different soils.
Summary and conclusions
In this paper, a new normalisation scheme is proposed to uniquely represent the compression curves for different soils subjected to different compression loading conditions (1-D or isotropic compression tests). It has been validated against a large number of experimental results extracted from the literature. It is shown that using the new normalisation scheme the compression response of a sand of different initial void ratios can be uniquely represented. Also, by taking into consideration the differences in the compression index between different soils, it is shown that a unique compression curve can be obtained in the normalised plot. The similarities between the compression curves and critical state line are also validated. The new normalisation scheme is consistent with the framework of the CSSM and crushability of soils. The potential applications of the new normalisation scheme to develop unified constitutive and empirical relationship for different soils are also discussed.
